Agrobacterium tumefaciens transfers transferred DNA (T-DNA), a single-stranded segment of its tumorinducing (Ti) plasmid, to the plant cell nucleus. The Tiplasmid-encoded virulence E2 (VirE2) protein expressed in the bacterium has single-stranded DNA (ssDNA)-binding properties and has been reported to act in the plant cell. This protein is thought to exert its influence on transfer efficiency by coating and accompanying the single-stranded T-DNA (ss-T-DNA) to the plant cell genome. Here, we analyze different putative roles of the VirE2 protein in the plant cell. In the absence of VirE2 protein, mainly truncated versions of the T-DNA are integrated. We infer that VirE2 protects the ss-T-DNA against nucleolytic attack during the transfer process and that it is interacting with the ss-T-DNA on its way to the plaht cell nucleus. Furthermore, the VirE2 protein was found not to be involved in directing the ss-T-DNA to the plant cell nucleus in a manner dependent on a nuclear localization signal, a function which is carried by the NLS of VirD2. In addition, the efficiency of T-DNA integration into the plant genome was found to be VirE2 independent. We conclude that the VirE2 protein ofA. tumefaciens is required to preserve the integrity of the T-DNA but does not contribute to the efficiency of the integration step per se.
Agrobacterium tumefaciens causes tumors in most dicotyledonous plants by transferring a segment of the tumor-inducing (Ti) plasmid, the transferred DNA (T-DNA), to the plant cell, where this prokaryotic DNA is integrated into the plant nuclear genome (for reviews, see refs. 1 and 2). The virulence protein D2 (VirD2) is a site-specific endonuclease which, assisted by the VirDl protein, recognizes and nicks the "bottom strand" of the left and right border sequences which delimit the T-DNA at a specific position (3) . Upon cutting, the VirD2 protein becomes covalently attached to the 5' end of the nicked strand (4) . The single-stranded T-DNA (ss-T-DNA) is then exported to the plant cell (5, 6) .
The VirE2 protein is the most abundant protein produced in A. tumefaciens after induction of the virulence genes by plant phenolic compounds (7) . This protein has been shown to be required for efficient transfer of the T-DNA (8-11) but not for ss-T-DNA production (7) . VirE2 binds to single-stranded DNA (ssDNA) in vitro in a highly cooperative, nonsequencespecific manner (9, (12) (13) (14) (15) (16) . These properties suggest that VirE2 may cover the ss-T-DNA during the transfer process (17) . However, evidence for contact between VirE2 and the ss-T-DNA during transfer has not been provided, nor have any functions for VirE2 been demonstrated.
The VirD2 and VirE2 proteins contain short peptide sequences that act as a nuclear localization signal (NLS) on reporter proteins (18) (19) (20) (21) . Efficient targeting of the T-DNA to the plant cell nucleus is dependent on the NLS in the Cterminal part of VirD2 (22, 23) . However, the role of the NLSs
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of the VirE2 protein could not be directly investigated in the context of the ss-T-DNA transfer because mutations of the NLS domains affect the ssDNA-binding properties of VirE2 (21) .
After entry into the nucleus, the ss-T-DNA is integrated into the plant cell genome (for review, see ref.
2). VirD2 protein is involved in precise ligation of the 5' end of the T-DNA to the plant DNA (24) . Inactivation of this function, however, does not affect the efficiency of the integration stepper se, indicating that the VirD2-mediated ligation is not the limiting step of T-DNA integration. This suggests that the 3' end of the T-DNA realizes the first synapsis with plant DNA. Since this first step involves very short stretches of sequence similarity (24) it may be stimulated by the VirE2 protein by analogy with the RecA-and Rad51-(other ssDNA-binding proteins) mediated recombination (25) . Their biochemical properties suggest that VirE2 protein molecules coat the ss-T-DNA during transfer, implying a possible function of this protein in protection of the ss-T-DNA against nucleases. In this report, the involvement of VirE2 in nuclear targeting, integration, and protection of the T-DNA during plant transformation was investigated.
MATERIALS AND METHODS
Construction of A. tumefaciens Strains Deleted in virE2. Plasmid pSW108 (26) , containing an Xho I restriction fragment of pTiA6 encompassing the whole virE operon, was digested with Stu I and Sma I and then religated. The resulting plasmid, in which 1569 nt of the 1599-nt-long open reading frame of virE2 were deleted, was transferred to the cured C58 nopalineA. tumefaciens strain containing the pTiAch5 T-DNA free (octopine) derivative pPM6000 (27) . The resident virE2 gene was exchanged by homologous recombination, as previously described (23) , yielding strain GV3101(pPM6000E). The virE2 gene was also deleted from the resident wild-type region in the Ti plasmid of strain GV3101(pPM6000K) (23) containing a deletion of about 70% of the virD2 gene, resulting in strain GV3101(pPM6000KE). Southern blot analysis confirmed the deletion in virE2.
Seedling Cocultivation. Plasmid pTd33 (24) , carrying uidA (encoding ,B-glucuronidase) and nptII (conferring resistance to kanamycin), was introduced into A. tumefaciens, yielding strains GV3101(pPM6000, pTd33), GV3101(pPM6000E, pTd33), GV3101(pPM6000K, pTd33), and GV3101(pPM600-OKE, pTd33). These strains were used for transient and stable transformation of SR1 tobacco seedlings, as described (24, 28 Assay for ss-T-DNA. ss-T-DNA formation in A. tumefaciens strains was analyzed as described (24) . The ss-T-DNA molecules were detected by hybridization with the 2-kb BamHI fragment of the uidA gene of plasmid pTd33 (24) .
RESULTS
Previously described transposon insertions in the virE2 gene create fusions or truncated VirE2 proteins which may have partial activity (29) . Therefore, the A. tumefaciens strain GV3101(pPM6000E), which contains an almost complete deletion of the virE2 coding sequence, was constructed.
Characterization of the virE2-Deleted Strain. Absence of VirE2 protein does not influence the efficiency of ss-T-DNA formation. As shown in Fig. 1 , quantity and size of ss-T-DNA molecules are identical for the induced VirE2-deficient strain and the induced wild-type strain, confirming results established with transposon mutants (7) .
VirE2 protein is required for efficient T-DNA transfer. Strain GV3101(pPM6000E, pTd33) was tested for efficiency of T-DNA transfer to young tobacco seedlings (28) . The activity of 13-glucuronidase encoded by the uidA gene carried by the T-DNA represents a measure of the T-DNA molecules which arrive in the nucleus without necessarily being integrated in the genome. Transient expression was evaluated by counting the blue spots that formed in 100 seedlings after incubation with 5-bromo-4-chloro-3-indolyl f3-D-glucuronide (X-GIcA) the substrate for 13-glucuronidase. This number was compared with that for the wild-type strain GV3101(pPM6000, pTd33). Different titers of this latter strain, mixed with the transfer- Transfer efficiency is given as f3-glucuronidase activity and is indicated as the percent of wild-type activity arbitrarily set at 100%.
deficient strain GV3101(pPM6000K, pTd33) were used to determine the bacterial concentration matching the transfer efficiency of the virE2-deleted strain. Four independent experiments using a total of 400 plantlets per A. tumefaciens strain were performed. The number of blue spots correlated with the dilution factor. Since the number of blue spots obtained for strain GV3101(pPM6000E, pTd33) matched the one of a dilution of 1/5000 to 1/2500 of the wild-type strain, the T-DNA transfer efficiency of the strain lacking VirE2 corresponds to 0.02-0.04% of that of the wild-type strain (Table 1) . Activities of VirE2 in the Plant Cell. VirE2 does not account for the residual transfer activity ofa VirD2 NLS-defective mutant. Deletion of the NLS of VirD2 reduces the T-DNA transfer efficiency to about 5% compared with the wild type (23) . We tested whether the nuclear-targeting potential of VirE2 accounts for this residual activity by analyzing strain GV3101(pPM6000KE) that is deleted in both virD2 and virE2. Plasmids pAVD43 and pAVD44, containing a complete virD2 gene and a virD2 gene lacking the NLS sequence, respectively (23), were introduced into the A. tumefaciens strain GV3101-(pPM6000KE), as described (23) . The efficiency of T-DNA transfer to the plant cell nucleus of the resulting strains GV3101(pPM6000KE::pAVD43, pTd33) and GV3101-(pPM6000KE::pAVD44, pTd33) was tested by transient expression of the uidA gene ( Table 2 ). The strain carrying a deletion of the virD2 NLS sequence, in combination with a deletion of the virE2 gene, transferred its T-DNA with an efficiency of 7.7% ± 3.8% of that of the strain which contained the wild-type virD2 gene and the virE2 deletion. This reduction is comparable to the one resulting from the deletion of the VirD2 NLS from a VirE2-containing strain (4.6%o) (23) . VirE2 is thus not responsible for the residual transfer activity of the VirD2 NLS mutant; the described NLSs of VirE2, therefore, probably do not contribute to the ss-T-DNA transfer to the nucleus.
Integration efficiency ofthe T-DNA. To test the role of VirE2 in T-DNA integration, the A. tumefaciens strain GV3101-(pPM6000E, pTd33) was used to transform tobacco seedlings. pTd33 carries uidA and nptII on the T-DNA. After 3 days of cocultivation, about 100 of the 500 infiltrated seedlings were analyzed for transient expression of the uidA gene, and, after Cell Biology: Rossi et al. The numbers 1/500, 1/1000, and 1/5000 correspond to the ratio of GV3101(pPM6000, pTd33) to GV3101(pPM6000K, pTd33) used to inoculate the seedlings. pPM6000E corresponds to strain GV3101(pPM6000E, pTd33) used undiluted.
6 weeks of selection on a kanamycin-containing medium, about 400 seedlings were screened for integration of the nptII gene into the genome. The ratio between the number of calli per seedling and the number of blue spots per seedling is defined as the efficiency of integration; it reflects the proportion of the number of T-DNA molecules integrated relative to the total of the molecules entering the nucleus (see Table 3 ).
Three independent experiments showed that the T-DNA transferred by the VirE2-minus strain GV3101(pPM6000E, pTd33) integrates as efficiently as that transferred by the wild-type strain GV3101(pPM6000, pTd33) ( Table 4) . The values for the transformation efficiencies and the uidA transient expression differ from experiment to experiment. This results in different values for the efficiency of integration in separate experiments (Table 4 ). In contrast, the integration efficiency within a given experiment is independent of the dilution of the wild-type strain, as expected (see Table 3 ). The efficiency of integration of the VirE2-minus strain can thus be compared with that of the wild-type strain within a given experiment (calculated in each experiment as mean of the efficiency of integration of the three dilutions used; Table 4 ). Our results indicate that the VirE2 protein is not required for efficient T-DNA integration.
In the absence of VirE2 protein, T-DNA copies are often truncated at the left end. Because of its ssDNA-binding properties, the VirE2 protein has been proposed to cover and, thus, presumably protect the ss-T-DNA molecule during the transfer/integration process. To test this possibility, we analyzed T-DNA in plants transformed with strain GV3101(pPM6000E, pTd33). Of 2500 tobacco seedlings cocultivated with strain GV3101(pPM6000E, pTd33), 21 transgenic plants were regenerated, and their T-DNA was analyzed. The integration of the 5' (right) end of the T-DNA was analyzed by Southern blots as described (24) . Of the 21 plants analyzed, 17 contained the diagnostic EcoRI restriction site 7 nt inside of the VirD2 processing site (Fig. 2) . These results are very similar to those reported earlier for plants transformed with the wild-type strain GV3101(pPM6000, pTd33); in this latter case, six of eight plants analyzed preserved this diagnostic EcoRI restriction site (24) . The VirE2 protein, thus, has no major influence on the fidelity of integration at the 5' (right) end of the T-DNA.
The junctions between the 3' (left) termini of the T-DNA and plant DNA were analyzed by PCR. Only 4 plants (G, H, 30, and 32) of the 21 plants transformed with the VirE2-minus strain exhibited the wild-type pattern. Left T-DNA/plant DNA junctions of four wild-type transformants described earlier (24) were analyzed; deletions of <52 nt were found (data not shown). Fifteen plants transformed by the virE2-deleted strain exhibit left-end truncations of up to at least 1 kb. Truncation of more than 1430 bp would not have been detected because it would have prevented selection for an intact nptII gene. For all plants studied, at least two primers to the left of the last primer giving an amplification product were tested to confirm the extent of the truncation. Interestingly T-DNAs strongly truncated at the 3' end also tended to lack a correct junction at the right border. The reason for this is not clear.
In the absence of VirE2, a large majority of the T-DNA molecules are integrated in truncated versions, with variable extents of left parts of the T-DNA missing. This demonstrates that VirE2 protein molecules protect the ss-T-DNA from nucleolytic degradation.
DISCUSSION
Models describing the mechanism of T-DNA transfer from A. tumefaciens to plants propose that the T-DNA is transferred as ssDNA coated with the ssDNA-binding protein VirE2 (17) . In addition, it has been recently demonstrated that ss-T-DNA is detectable in plant cells immediately after A. tumefaciens cocultivation (6) , and genetic experiments have revealed that the T-DNA is indeed transferred to the plant cell in singlestranded form (5) . However, the interaction between the ss-T-DNA and the VirE2 protein in the plant cell and the role of the protein in the plant cell in the context of the T-DNA transfer to the nucleus and integration have not been elucidated. We therefore constructed and tested an A. tumefaciens strain almost completely deleted in the structural gene of virE2.
We found that the efficiency of production of intact ss-T-DNA is not affected by deletion of the virE2 gene, confirming earlier reports on virE2 transposon-insertion mutants (3) . In contrast, the T-DNA transfer efficiency of the VirE2-minus strain, measured by a transient expression assay, is reduced to 0.02-0.04% of that of the wild-type strain. This confirms the key role played by this protein for T-DNA transfer. The reduction seen here is significantly stronger than that reported for transposon-insertion mutants (8) (9) (10) (11) (29) (30) (31) (32) . This may reflect residual activities of truncated or fused VirE2 protein molecules (29) . Representation of the pattern of T-DNA integrated into plant DNA after transformation with strain GV3101(pPM6000E). The T-DNA is delimited by the right (RB) and left (LB) borders and contains the nptII and the uidA genes. Both genes are transcribed from right to left. Individual plant transformants are named by letter or by number. Dotted lines represent the regions of the T-DNA which are missing in the integrated form of the T-DNA. The arrows represent the primers used to define the extent of the deletions by PCR. The numbers below and above the arrows correspond to the distance between the LB and the primer hybridization sites. The presence (+) or the absence (-) of the EcoRI restriction site at the RB was determined by Southern blots. Two of the plants transformed by the VirE2-minus strain (plants A and B) and one plant transformed by the wild-type strain (data not shown) contained plasmid sequences external to the T-DNA and contiguous to the left border. The left border was not processed in these plants.
The strain deleted in the virE2 coding sequence was found to be trans-complemented for efficient T-DNA transfer by another strain expressing VirE2 (L.R., unpublished results), as previously described for transposon-insertion mutants (9, 30) . The T-DNA, not accompanied by the VirE2 protein, could also be complemented to full virulence by VirE2 protein molecules expressed by a recipient plant transgenic for a constitutively expressed virE2 gene (21) . These results, together with ours, strongly indicate that VirE2 is not essential for the first steps of T-DNA transfer. The main activities of VirE2, therefore, must take place inside the plant cell, as suggested earlier (21, 33) .
Three possible roles have been postulated for VirE2 inside the plant cell: nuclear targeting, integration, and protection against nucleases.
The NLSs ofVirE2 Do Not Direct the T-DNA Complex to the Nucleus. Despite the presence of functional NLSs demonstrated by protein-fusion studies (34), the VirE2 protein does not contribute to the residual nuclear transfer of T-DNA observed in the virD2 mutant deleted in the C-terminal NLS. This finding indicates that any hypothetical nuclear-targeting property of VirE2 cannot substitute for the same activity of VirD2 and, therefore, that VirD2 and VirE2 are not involved in the same step of directing the T-DNA complex to the nucleus. Deletions or base-substitution mutants of the NLSs of VirE2 have been found to also affect the cooperative DNAbinding properties of the protein (21, 34) . These results imply that these regions with NLS activity are also involved in intermolecular interactions (protein-protein and protein-DNA), thereby hiding the positively charged amino acids of the NLSs from the surface of the protein. Thus, the protein-ss-T-DNA interactions may make the NLSs of VirE2 inaccessible to the transport machinery, as has been proposed for the N-terminal NLS of VirD2 (23) .
Nuclear import can be separated into two distinct main steps. The first is an NLS-dependent binding of the nuclear import substrate to the cytoplasmic side of the nuclear pore complex. The second is an energy-dependent translocation through the nuclear pore (35) . From our results, it can be concluded that VirE2 is not involved in the first step of ss-T-DNA import into the nucleus. This function appears to be carried out by the C-terminal NLS of VirD2. However, it is conceivable that VirE2 has a role in the second step of import, the ss-T-DNA translocation, possibly unfolding the long ssDNA to permit its passage through the pore (21) . By analogy, ribonucleoprotein particles unfold when passing through the nuclear pore (36) .
VirE2 Does Not Stimulate Integration of the T-DNA. The T-DNA integration efficiency was found to be independent of the presence of the VirE2 protein (Table 4) . We cannot exclude that by coincidence VirE2 stimulates uidA gene expression and integration to the same degree, but we consider this unlikely. A prerequisite for uidA transient expression is the formation of a double-stranded form of the T-DNA. One way for VirE2 to enhance the double-strand formation would be by priming the synthesis of the complementary strand. However, VirE2 was found to lack primase activity in vitro (E. Lanka, personal communication).
VirE2 Protects the T-DNA from Nucleolytic Attack in the Plant Cell. In the absence of VirE2, the 5' (right) end of the T-DNA integrates as precisely as in the wild type. In contrast, in 15 of 19 plants transformed with the strain lacking the virE2 coding sequence, deletions of 52 bp to more than 1000 bp were found at the 3' (left) end of the integrated T-DNA (Fig. 2 ). Since these plants were selected for the presence of the nptII gene, it was not possible to obtain plants containing T-DNA inserts with larger deletions. Even so, these deletions are much larger than the ones found in plants transformed with the wild-type strain; T-DNA 3' end truncations characterized in wild-type transformants are <52 bp long in the 4 cases studied in this work and <35 bp long for 11 of the 14 cases described earlier (37, 38) . Interestingly the extent of deletions in wildtype transformants is in the range of a binding site for one molecule of VirE2 (9, 12) , suggesting that in these cases the
very 3' end of the T-DNA, free of VirE2 molecules, is susceptible to nucleolytic attack. We conclude that VirE2 protein molecules are protecting the entire length of the ss-T-DNA against nucleolytic attack during ss-T-DNA transfer. This implies that the VirE2 protein interacts with the ss-T-DNA. Since the results of the ss-T-DNA assay (Fig. 1) show that degradation of the ss-T-DNA does not take place in the A. tumefaciens cell, it is likely that this degradation occurs in the plant cell. Confirming this idea, we have found that the extent of deletions of the 3' integrated end of the T-DNA of plants transformed by strain GV3101-(pPM6000E, pTd33) trans-complemented for VirE2 by strain GV3101(pPM6000K) produced T-DNA inserts that in 4 of 5 cases exhibited deletions of <52 nt (data not shown).
Alternatively, VirE2 might protect the T-DNA and allow only the ends of the T-DNA to pair and recombine with the plant DNA. In absence of VirE2, then, pairing of T-DNA with plant DNA could take place along the entire length of the molecule, thereby permitting integration of a truncated T-DNA molecule. This hypothesis, however, would imply a reduction in the efficiency of integration since integration of a truncated T-DNA molecule would affect the nptII gene more frequently than the uidA gene, which is expressed transiently. Such a reduction is not found in our experiments; thus, the main nucleolytic attack to the T-DNA seems to occur before integration.
Our results are consistent with the finding of Yusibov et al. (6) who detected a reduced number of T-DNA molecules in the cytoplasm of protoplasts cocultivated with a virE2 mutant as compared with the wild type, although the reduction in these experiments was less pronounced than in our assay. Our results are also consistent with the finding that the interaction of the VirE2 protein with ssDNA protects the DNA against exonuclease and endonuclease digestion in vitro (16) . The protective function of VirE2 seems to be essential for efficient T-DNA transfer. This work presents evidence that VirE2, like VirD2 (24) , is not required for efficient integration of the T-DNA into the plant genome. It is predictable that any ssDNA entering the nucleus integrates as efficiently as T-DNA entering the nucleus. We suggest that the efficiency of this process is controlled mainly by plant enzymes. A. tumefaciens contributes both to efficient transport of intact T-DNA molecules to the nucleus and to their precise integration.
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